Energy is an expensive component of poultry diets with lipids providing a concentrated energy source to meet these needs. Three separate experiments with broilers (15 d of age), turkeys (15 d of age) and laying hens (60 wk of age) were conducted to determine the AME n content of 10 lipids with varying fatty acid and free fatty acid concentrations and to compare these values to predicted values based on previously published equations. A corn-soybean meal (broilers and turkeys) or corn-soybean meal-distillers dried grains with solubles (layers) control diet was formulated with test diets created by mixing the control diet with 0, 3, 6, or 9% (broilers and turkeys) or 0, 2, 4, and 6% (laying hens) lipid. Experimental diets were fed over a 5-d acclimation period followed by a 48 h total excretion collection period with AME n of the diets calculated based upon the GE, nitrogen, and titanium dioxide in the feed and excreta samples. The pen-mean AME n of each diet was regressed on percentage lipid inclusion level using linear regression with the slope of the line representing the AME n of each lipid source. As expected, the AME n values varied widely among lipid sources and species, with broilers having a greater AME compared to turkeys and layers. In general, saturated fatty acids (C14:0, C16:0, and C18:0) were negatively correlated to AME n while unsaturated fatty acids (namely C18:2) were positively correlated to AME n . Consequently, the unsaturated: saturated ratio, the polyunsaturated fatty acids: saturated and monounsaturated fatty acids ratio, and iodine value tended to be positively related to AME n . Compared to broilers and turkeys that were able to efficiently utilize energy from corn oil (purified and crude DDGS corn oil) relative to soybean oil, laying hen AME n values for corn oils were reduced in comparison to soybean oil. These data indicate that energy values of lipid differ widely due to source and appear to differ relative to a particular species.
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DESCRIPTION OF PROBLEM
Energy represents the component of greatest cost in poultry diets, and supplemental lipids are typically used to balance the dietary energy content. Lipids may also improve diet palatability, contain fat soluble vitamins and essential fatty acids, and reduce feed dust. Energy value of lipids have been evaluated for over 55 years [1] [2] [3] , with sources ranging from, but not limited to, refined oils such as soybean, corn, canola, and palm oil, rendered animal fats such as tallow, lard, and poultry fat, acidulated soapstocks, and restaurant grease such as yellow and brown grease. In addition, oil extraction from ethanol production facilities such as corn distillers oil, blends of animal and vegetable lipids, and blends of acidulated soapstocks with either animal or vegetable lipids are a commonplace. Even though equations have been developed to predict metabolizable energy for poultry in relation to a lipid's chemical (generally fatty acid [FA] composition and free fatty acid [FFA] concentration) composition [4] [5] [6] estimates on nitrogen corrected apparent metabolizable energy (AME n ) still remains of interest regarding appropriate energy values of lipids currently utilized in poultry feed formulation. In addition, some lipid products vary greatly in their level of peroxidation or diluents which have not been analyzed or well described in past literature.
The objectives of the current experiments were to obtain sources of lipids varying in FA composition, FFA concentrations, diluents, and peroxidation status to measure AME n and to compare these values to predicted values based on previously published equations.
MATERIALS AND METHODS
Three separate experiments were conducted utilizing broiler chicks, turkey poults, and firstcycle laying hens at the Poultry Research and Teaching Unit of Iowa State University. All animal procedures were approved by the Institutional Animal Care and Use Committee of Iowa State University before the initiation of each experiment. 
General Procedures
In each experiment (Exp), a corn-soybean meal diet was formulated to meet or exceed NRC [7] recommendations (Table 1) and utilized as the basal diet in their respective trial. In addition, three inclusion levels for each of the 10 oil sources (3, 6 , and 9% for broiler chicks in Exp. 1 and turkey poults in Exp. 2; 2, 4, and 6% for laying hens in Exp. 3) were mixed into the basal diet to create 30 additional treatment diets per experiment. Birds in each experiment were fed the corn-soybean meal basal diet for 2 wk before being transitioned to experimental diets at the start of the experimental period (15 d of age for broiler chicks and turkey poults; 60 wk of age for laying hens). Diets were fed in mash form and water was provided ad libitum throughout each experimental period.
Lipid sources included a refined soybean oil (SO), refined corn oil (CO), 2 different sources of corn distillers oils (DCO), choice white grease (CWG), poultry fat (PF), methyl soyate esters, and 3 different sources of an animal-vegetable (AV) blends, [10] .
Experiment 1: Broiler chicks
Day-old Ross 308 chicks were brooded in raised wire battery pens located within an environmentally controlled room. The chicks received supplemental heat starting at 35
• C on 1 d of age, decreasing 2
• C every week with light provided at 23L:1D. On d 15, 744 male chicks were individually weighed, sorted, and allocated to pens to minimize differences in pen BW. Thirtyone treatments (10 lipid-supplemented diets at 3 levels each plus one unsupplemented diet) were allocated randomly to pens based on a completely randomized design, with 6 pens per treatment and 4 birds per pen with 762 cm 2 per chick.
Experiment 2: Turkey Poults
Day-old Hybrid XL poults were raised as per the same management practices described for the broiler chicks in Exp. 1. On d 15, 465 male poults were individually weighed, sorted, and allocated to pens to minimize differences in pen BW. Treatments were allocated randomly to pens based on a completely randomized design, with 5 pens per treatment and 3 birds per pen with 903 cm 2 per poult.
Experiment 3: Laying hens
A total of 372 Hy-Line W36 laying hens at 60 wk of age were individually weighed, sorted, and allocated to pens. Treatments were allocated randomly to pens based on a completely randomized design. Each pen was defined as a single-tier cage with 2 birds (620 cm 2 per hen) resulting in 6 pens per treatment. A photoperiod of 16L:8D and temperature between 21 to 24
• C were maintained throughout the experimental period.
Sampling and Statistical Analysis
In all experiments, birds were monitored twice daily and mortalities were removed immediately. After a 5-d adjustment period on the experimental diets, fresh excreta samples were collected for the following 48 h and stored at -20
• C until further analysis. The AME n of the diets was calculated based upon the GE, N, and titanium dioxide in the feed and excreta samples as described previously [10] .
Using the pen as the experimental unit, data were subjected to analysis of variance (ANOVA) utilizing Proc GLM of SAS [11] with treatment means reported as least squares means. The pen-mean AME n from each experimental unit were subsequently regressed on percentage supplemental lipid inclusion level (four points included 0, 3, 6, and 9% or 0, 2, 4, and 6% for broilers/turkeys and laying hens, respectively) using simple linear regression with the slope of the line representing the AME n of each lipid source, and the coefficient of determination, R 2 , DCO-2, distillers corn oil #2; MS, methyl soyate esters; AV-1, animal vegetable blend #1; AV-2, animal vegetable blend #2; AV-3, animal vegetable blend #3. 3 Fatty acids reported as a percent of total fat. 4 U: S = sum of unsaturated fatty acids: sum of saturated fatty acids. 5 PUFA: SM = sum of polyunsaturated fatty acids: sum of saturated and monounsaturated fatty acids. 6 Total iodine value on a triacylglyceride basis (TIV) = (% C16:1 × 0.9502) + (% C18:1 × 0.8598) + (% C18:2 × 1.7315) + (% C18:3 × 2.6152) + (% C20:4 × 3.2008); NRC, 2012. 7 PV, peroxide value. 8 There is no unit of measure for anisidine value. 9 OSI, oil stability index.
representing how well the regression line fit the data points for that particular lipid source. A simple correlation analysis was conducted between AME n and various lipid compositional components (Proc CORR), including values derived from the lipid composition [i.e., unsaturated: saturated (U: S) ratio, polyunsaturated fatty acids: saturated and monounsaturated fatty acids (PUFA: SM) ratio, cand total iodine value (IV)] to assist in interpreting the results.
RESULTS AND DISCUSSION

Lipid Composition
A detailed composition of each lipid is provided in Table 2 . Overall, FA profiles of lipids were as expected with products derived from animal origin (CWG, PF, and AV-1) which contained proportionally higher palmitic, stearic, or oleic acid concentrations compared to products derived from plant origin (CO, SO, DCO-1, DCO-2, MS, and AV-2), which contained a proportionally higher concentration of linoleic acid. The AV-3 lipid product appeared to be a relatively equal blend of animal and plant lipids as indicated by the FA profile. Lipid digestibility is also influenced by the fatty acid positioning on the triglyceride molecule [12] [13] [14] [15] [16] , but we did not elect to analyze the FA positioning on the glycerol molecule due to cost and difficulty of analysis [17] . Halloran and Sibbald [14] reported a significant relationship between AME and IV or linoleic acid concentration of various lipids fed to poults and broiler chicks, which is supported by Matoes and Sell [18] who reported that linoleic acid content was important in AME n determination in laying hens. Lastly, prediction equations reported by Huyghebaert [4] in broiler research often included IV in the regression equation.
It is generally assumed that the main factor affecting the AME n value of a lipid is its digestibility, with chain length and degree of saturation being most important [5, 12, [19] [20] [21] [22] [23] [24] . Ketels and DeGroote [5] suggested that the chemical composition of the dietary fat (FA profile and consequently the degree of saturation) accounted for 75% of the variation in AME n and utilization of added fat, while Wiseman [22] suggested that knowledge of the U: S ratio and FFA content accounted for 82 and 92% of the variation in AME values for young and old birds, respectively. Both Wiseman and Lessire and Ketels and DeGroote [5] indicated that AME and lipid digestibility increases in a curvilinear manner, rapidly increasing to a U: S ratio of 2.5, with a maximal digestibility value at a U: S ratio of 4.0 or more. Because of the importance of U: S ratio, we have included this value in the lipid composition table (Table 2 ) and in our correlation analysis. Highly related to the U: S ratio, Dvorin [23] suggested the use of a PUFA: SM ratio relative to lipid digestion and energy value, suggesting that lipid digestibility is maximized at a PUFA: SM ratio of 0.72 (equates to a U: S ratio of 3.3), while AME continues to gradually increase up to a PUFA: SM ratio of 1.53 (U: S ratio of 5.4). Consequently, we determined the PUFA: SM ratio of each lipid and used it in our correlation analysis.
Free fatty acid concentration also has a large impact on lipid digestibility and subsequent AME values. The greater the FFA concentration, the lower the absorption efficiency of the products of its digestion [27], with reduction being more pronounced the more saturated the fat [18, 28, 29] and in young birds [30, 31] due to a potential insufficiency of monoglycerides in the intestinal lumen and from a lower bile secretion, resulting in incomplete micellar solubilization of FFA [21, 32] . In the current experiment, FFA concentration ranged from 0.4% in the soybean oil to 52.4% in the AV-3 blend. Some have suggested that FFA concentrations are an indicator of lipid peroxidation status, but this is not necessarily the case because soapstock materials will be high in FFA [33, 34] , independent of lipid peroxidation indices. It would appear that the AV-3 blend may have been produced utilizing soapstock material as indicted by its high FFA level and a FA composition that mimics a blend of animal and vegetable lipids.
There have been few reports linking lipid quality measures to AME values in poultry. Diluents such as total moisture, insoluble, and unsaponifiables [4, 14, 24, [27] [28] [29] [35] [36] [37] [38] and non-elutable material [4, [36] [37] being the most common analyses. In the current experiment, all lipid products contained moderate amounts of total moisture, insoluble, and unsaponifiables (e.g., phytosterols, glycolipids, and waxes), largely due to unsaponifiables, supporting that these lipid products were not highly refined, even for the CO and SO products that were obtained.
There is usually limited to no indication of peroxidation status of lipids utilized reported in the literature, although some have listed peroxide value [4, 24, 37-39], active oxygen method [38] ; and thiobarbituric acid reactive substances [37] . Given the complex relationship among lipid peroxidation measures and its potential impact in the animal [40] , we felt it important to get a partial picture of the peroxidation status of each lipid. Each lipid source was subsequently analyzed for peroxide value, hexanal, anisidine value, and OSI as a representative measure of primary, secondary, tertiary, and predictive lipid quality measures, respectively. As shown in Table 2 , lipid quality varied widely, with peroxide value ranging from 3.4 to 83.3 mEq/kg, hexanal from 1.9 to 11.3 mg/kg, anisidine value from 25.2 to 153.5, and OSI from 1.0 to 16.6 h. While these values are listed to provide insight on lipid quality, no single value has been shown to be solely predictive of lipid quality because of how peroxides and aldehydes quickly change during the course of peroxidation [40] . We chose not to add any antioxidant in the current experiments, but to reduce the potential of lipid peroxidation, lipids were stored in a cooler (0 • C) upon receipt and until feed mixing, and feed was mixed and used within 1 wk. Only a few reports in the poultry literature have indicated that lipid stabilization actually took place [20, 39, 41] .
Experimental Design
Evaluation of lipids is a difficult task. Because lipids are well utilized, it is difficult to measure increases in utilization, especially at low inclusion levels, as errors incurring when extrapolating to 100% lipid introduces a very high degree of variation (sampling errors, animal variation, analytical errors, etc.). An inverse relationship between the level of inclusion and the resultant AME has also been shown, especially at low lipid inclusion levels, whether due to an "extra" caloric effect at low inclusion levels [42] or due to high levels of saturated lipids depressing lipid digestibility [24, 43] . In addition, single-point assays commonly utilize higher inclusion levels than utilized in the industry [20, 25-26, 37-39, 43-45] , which generate concern as to the validity of the value at typical inclusion levels. Because of these concerns and because of the increased power associated with linear regression, we utilized graded levels of lipid addition as supported by others [24, 43, 46] .
Determination of AME
The AME n value determined for each diet containing a specific lipid source and inclusion level fed to growing broilers, turkeys, and laying hens is shown in Tables 3-5 , respectively. From this data, the AME n for each specific lipid was estimated as the slope of the linear relationship between the AME n of the experimental diet (the dependent variable) and percent dietary lipid addition (the independent variable). All diet × lipid combinations were utilized for regression in each experiment, except for broilers fed 9% of the AV-3 in Exp. 1. The AME n value for this diet was determined to be an outlier and excluded from subsequent analysis. The AME n for each lipid as calculated in each experiment, along with the GE for each lipid, is summarized in Table 6 . As expected, the AME n values varied widely among lipid sources and species. Values of AME n that were ≤ 65% of GE (Exp. 1: CWG; Exp. 2: CWG, PF, DCO-2, AV-1, AV-2; Exp. 3: MS, AV-1, AV-2) were unexpected given that lipids are typically well digested. In addition, the values of AME n that were ≥100% of GE (Exp. 1: CO, DCO-2, and AV-3) were also unexpected. However, all data were thoroughly reviewed and no scientific or statistical reason could be put forth to exclude any of the data from the analysis. Higher energy values than theoretically possible have been reported by others [24, 35, 42, [47] [48] [49] [50] and could be due to experimental error (collection, analytical, inherent variation, etc.) or potentially due to an improvement in the absorption of other components of the diet.
Basal diet composition has been shown to affect lipid caloric values [35, 48, [50] [51] [52] [53] where it has been reported that the utilization of saturated FA is most affected by the synergism between unsaturated FA and the saturated FA, while the utilization of an unsaturated FA is not as influenced by saturated FA [5] . Lall and Slinger [47] reported that the synergism between unsaturated FA and saturated FA on saturated FA digestibility was greater in broilers than poults. This may partially explain why broilers in Exp. 1 exhibited greater AME n values for many of the lipids compared to turkeys in Exp. 2 (Table 6 ), but age also affects lipid digestion and AME n , especially with saturated lipids [30, [44] [45] 54] . In contrast, Tancharoenrat [55] reported no improvements in Table 3 . Energy values of diets as affected by lipid source and inclusion level, and calculated AME n of lipid sources using linear regression in 20-to 22-day-old broilers, Exp. 1. 1 There were 6 pens containing 4 birds/pen for each lipid level combination. 2 Standard deviation of the analyzed AME n (kcal/kg) for each specific diet. 3 Ether extract = EE. 4 This value was deemed an outlier and subsequently removed from the data analysis. The regression equation utilizing this value in a 3-point regression is provided for informative purposes only. AME of lipids (tallow, soybean oil, poultry fat, and palm oil) in broilers after 2 wk of age and no interaction between fat source and age of broilers for AME. Mossab [45] reported that turkeys utilized saturated lipids more efficiently than young chickens, suggesting a greater and earlier maturity of the digestive system for lipid utilization.
In Exp. 1 and 2, broilers and turkeys both averaged 21 d of age such that the turkey poults may not have been as gastrically mature as broilers of the chronological same age, which would support the generally lower AME n of lipids when determined in turkeys (Exp. 2) compared to broilers (Exp. 1). Table 4 . Energy values of diets as affected by lipid source and inclusion level, and calculated AME n of lipid sources using linear regression in 20-to 22-day-old turkeys, Exp. 2.
Inclusion, % 1 1 There were 5 pens containing 3 birds/pen for each lipid level combination. 2 Standard deviation of the analyzed AME n (kcal/kg) for each specific diet. 3 Ether extract = EE.
Correlation of Composition to AME n and Comparison to Predicted Values
A simple correlation matrix between AME n for each breed and a select set of analytical components was conducted with correlations and P-values reported in Table 7 . In general, saturated FA (C14:0, C16:0, and C18:0) were negatively correlated to AME n while unsaturated FA (namely C18:2) were positively correlated to AME n . Consequently, a higher U: S ratio, PUFA: SM ratio, or IV tended to be positively related to AME n . This was expected based upon pioneering work by others [4] [5] [6] 23 ]. For the lipids tested and their respective peroxidation status, was no relationship between AME n to any of the peroxidation measures in any experiment. 1 There were 6 pens containing 2 birds/pen for each lipid level combination. 2 Standard deviation of the analyzed AME n (kcal/kg) for each specific diet. 3 Ether extract = EE.
Comparison of our data to AME n values predicted by others is difficult. Huyghebaert [4] suggested that division of samples into 2 lipid groupings (animal and plant) could produce good prediction equations of lipids fed to broilers. However, lipid analysis techniques utilized in the current study did not obtain values for non-polar and polar fractions as required in most of the equations reported by Huyghebaert [4] .
Consequently, we utilized an average of 2 values based upon an equation for vegetable oils with < 40% FFA and an equation for animal fats with > 40% FFA to predict AME based upon data presented by Huyghebaert [4] as well as by broiler data summarized by Wiseman [6] , shown in Table 8 . Prediction of AME utilizing the prediction equation reported by Ketels and De Groote [5] as reported in the NRC [7] appeared to have no impact on predicted AME, regardless of the U: S ratio, and because of this they are not presented. Although equations reported by Huyghebaert [4] and Wiseman [6] predicted relative differences between the lipid sources, neither of these equations accurately predicted the AME values as determined in the current experiments. However, caution should be exercised when using equations because they apply to certain types of fats utilized in their development and extrapolation Table 8 . Prediction of AME based upon previously published prediction equations and comparison to data obtained in Exp. 1.
